Abstract: Static exercise has been thought to induce greater pressor response than dynamic exercise, but in contrast it has been recently reported that repetitive muscle contraction recruiting small muscles evokes greater response than sustained contraction. It remained unknown whether sustained contraction induces greater pressor response if large muscles were recruited. Nine subjects performed three types of isometric knee extensions recruiting the large muscle group, i.e., 2-min sustained (20% and 40% maximal voluntary contraction [MVC] ) and 4-min repetitive (40% MVC, duty cycle = 1:1 s) muscle contractions. Compared under the equivalent TTI and exercising duration (2 min), the changes in femoral arterial blood flow and V . O 2 from baseline (∆BF, ∆V . O 2 ) were significantly less during sustained contraction than during repetitive contraction (sustained vs. repetitive; ∆BF: +92 ± 195 vs. +1,174 ± 269 ml·min -1, ∆V . O 2 : +53 ± 12 vs. +180 ± 32 ml·min -1, mean ± SE, p < 0.05), although the change in mean arterial pressure (∆MAP) was greater during sustained contraction (+24 ± 3 vs. +19 ± 3 mmHg). Compared under the equivalent TTI and peak tension (40% MVC), ∆BF and ∆V . O 2 were less and ∆MAP was greater during sustained contraction (∆BF: -296 ± 176 vs. +868 ± 272 ml·min -1 ; ∆V . O 2 : +104 ± 16 vs. + 212 ± 46 ml·min -1; ∆MAP: +37 ± 8 vs. +20 ± 4 mmHg). Moreover ∆MAP during postexercise occlusion of the active limb was significantly greater after sustained contraction than after repetitive contraction (+17.0 ± 2.8 vs. +9.5 ± 4.4 mmHg). These results demonstrated that pressor response is greater during sustained than during repetitive contraction, recruiting a large muscle group. This finding should be mainly due to the greater accumulation of metabolites in active muscles during sustained contraction.
[The Japanese Journal of Physiology 54: [471] [472] [473] [474] [475] [476] [477] [478] [479] [480] [481] 2004] Instead they reported that repetitive muscle contraction, which mimics dynamic contraction, evokes similar or greater pressor response compared to sustained contraction, which mimics static contraction, using the same muscle group under the equivalent workloads (integrating tension over time, i.e., tension time index [TTI] ). In these studies, however, small muscle groups were used as active muscles, which were triceps surae muscles in anesthetized cats [9] and forearm muscles in conscious humans [10] . The recruited small muscle group could be the factor resulting in similar or greater pressor response in the repetitive contraction compared to the sustained contraction because the pressor response to dynamic exercise with the recruitment of large muscles is smaller than that with the recruitment of small muscles, which is due to more reduction in total peripheral resistance (TPR) with the active muscle mass [6, 7] . Thus the effect of large muscle recruitments on the different pressor responses to between static and dynamic contractions remained unknown.
To elucidate whether repetitive muscle contraction evokes greater pressor response than sustained contraction when the same large muscle group is recruited, we compared the pressor response between sustained and repetitive knee extensions under the equivalent TTI. There are critical differences in the exercising mode between static and dynamic exercises. That is, dynamic contraction includes muscle contraction velocity and muscle relaxation time during exercise, but static contraction does not. Therefore we applied the isometric knee extensions with the sustained and repetitive muscle contractions to cancel the effect of muscle contraction velocity and to focus on the effect of muscle relaxation time on the magnitude of pressor response to exercise.
METHODS

Subjects.
Four males and five females (27 ± 3 years, 166 ± 3 cm, 59 ± 3 kg, mean ± SE) volunteered to participate as subjects in this study. Each one was informed of the study's purpose and agreed to take part. All subjects were nonsmokers, were taking no medication, and were asymptomatic for cardiovascular and respiratory disease. This study was approved by the ethical committee of the School of Health and Sport Sciences, Osaka University.
Experimental design. The subjects were seated in a semisupine position. The right leg was the exercising limb. The knee angle was fixed at 90 degrees. An occlusion cuff (12 cm wide) to restrict blood flow to the right leg was placed on the right upper thigh as proximal to the trunk as possible. To determine the individual maximal voluntary contraction (MVC), all subjects performed a maximal isometric knee extension of the right leg.
After baseline data were collected for 2 min, the subjects performed one trial of three types of oneleg knee extension exercises in an isometric manner, which were (A) 2-min sustained muscle contractions at 20% MVC, (B) 2-min sustained contractions at 40% MVC, and (C) 4-min repetitive contractions at 40% MVC (1 s of contraction and 1 s of relaxation). They were instructed not to perform a Valsalva maneuver to exclude its effect on pressor response. Just 10 s before the cessation of exercise, the cuff was inflated to 200 mmHg within 5 s to arrest the circulation to the exercising limb. The cuff pressure was maintained for 3 min, and after the cuff was deflated, recovery data were collected over the following 3 min. The order of trials was randomized. The workload of muscle contractions was expressed as tension-time index (i.e., TTI), which was determined by integrating the area under the tension development curves during the exercising duration. To control TTI at the equivalent level between the sustained and repetitive trials, we compared the responses in two ways: between the A and C trials at 2 min and between the B and C trials (Fig. 1) . The former comparison (A vs. C) was to control exercising duration (2 min), and the latter (B vs. C) was to control muscle peak tension (40% MVC), which were the same ways as the previous studies [9, 10] .
The active muscle group should be controlled to investigate the magnitudes of cardiorespiratory responses to exercise. It has been reported that knee extension exercise is limited to the four muscles of the quadriceps [11, 12] . Thus the exercise design of the present study allowed us to control the active muscles.
Measurements. In each of seven subjects, the tension that developed into a horizontal direction by knee extension was measured by a load cell connected to the right ankle and converted by a transducer (TD-300A digital transducer indicator, Teac, Japan). In the other two subjects, the torque was measured by an isokinetic dynamometer (Cybex II, Lumex, USA) set in the isometric manner. The tension or torque signal was stored on a personal computer at 1 kHz of sampling rate through an analog-to-digital converter (Powerlab, ADInstruments, Japan). Tension development or torque was displayed on the computer monitor during trials in real time, and the subject was asked to adjust the tension development or torque exertion by visual feedback. After the trial, the torque measured in two subjects was divided by the distance of the lever arm to calculate the tension development, which was integrated over the exercising duration to calculate TTI. The electrocardiogram was recorded (BP306, Colin, Japan) and stored on a computer, and heart rate (HR) was calculated. The arterial blood pressure was measured by the volume-clamp method (2300 Finapres, Ohmeda, USA) from the subject's left hand positioned at the thigh level in seven subjects and was corrected at the heart level. It was also measured at the heart level by a manual method every 1 min in the other two subjects. The mean arterial pressure (MAP) measured by the volume-clamp method and HR were stored on a personal computer and averaged on a second-by-second basis. Ventilatory and gas exchange variables were measured on a breath-by-breath basis through the trials by using a computerized system (RM-300 and MG330, Minato, Japan, in seven subjects; RM-300, Minato, Japan, and WSMR-1400, Westron, Japan, in two subjects). These variables were stored on a computer. A pulsed dopplar ultrasound technique (EUB-415: Hitachi with a 3.5 MHz probe, Japan) was used to measure the blood velocity (BV) and the diameter of the right femoral artery from a site 2 cm distal to the inguinal ligament in six subjects. The measured dopplar spectra of BV was converted to digital data on the computer through the analog-to-digital converter, and the instantaneous mean BV was calculated on a second-by-second basis. Longitudinal images of the arterial vessel were recorded on videotape and analyzed to assess the artery diameter with on-screen calipers. The diameters were evaluated 5 times during each activity: baseline, exercises, postexercise circulatory arrest, and recovery. No systematic change in the diameter was noticed before, during, or after each exercise (Fig. 2) . Therefore the diameter at the baseline before each exercise was used to calculate blood flow (BF) to the active limb before, during, and after exercises by using the equation: BF = π × (diameter/2) 2 × BV [13] .
Statistical analysis. All responses were averaged by 30 s. Two sets of comparisons were made; one between the baseline values and the other between the changes in response to sustained and repetitive contractions when the Student's t-test was used. All variables are expressed as means ± SE. Statistical significance was accepted at p < 0.05.
RESULTS
The mean BF, HR, MAP, oxygen uptake (V . O 2 ), minute ventilation (V . E), respiratory rate (RR), and diameter of the femoral artery at the baseline are shown in Table 1 . The values at the baseline were not signifi- cantly different between the sustained and repetitive muscle contraction trials. The MVC was 392 ± 59 N.
Comparison at the same TTI and exercising duration
The changes in BF, MAP, HR, V . O 2 , V . E, and RR during muscle contraction from the baseline (∆BF, ∆MAP, ∆HR, ∆V . O 2 , ∆V . E, and ∆RR) were compared between the A and C trials at the 2nd min. This comparison was done under the equivalent TTI over the same exercise duration (2 min). Figure 3 illustrates the TTI, ∆BF, ∆MAP, ∆HR, ∆V .
. E, and ∆RR in the A and C trials at the 2nd min of exercise. The TTI performed was not significantly different between the A and C trials (A trial: 9,878 ± 1,529 vs. C trial: 9,477 ± 1,539 N·s ∆MAP was significantly greater in the A trial than in the C trial (24 ± 3 vs. 19 ± 3 mmHg, p < 0.05). ∆HR was not significantly different between the trials (11 ± 2 vs. 15 ± 2 bpm, p > 0.05).
Comparison at the same TTI and muscle peak tension ∆BF, ∆MAP, ∆HR, ∆V . O 2 , ∆V . E, and ∆RR during muscle contraction from the baseline were compared between the B and C trials. This comparison was done at the equivalent TTI and the equivalent muscle peak tension (40% MVC). Figure 4 illustrates and ∆RR during postexercise circulatory arrest and recovery in the B and C trials, where the equivalent TTI was performed. Only in ∆MAP the response in A trial is also illustrated. The BF was completely obstructed during postexercise circulatory arrest by cuff pressure without significant difference between the B and C trials, and it increased rapidly just after the cuff deflation. ∆BF during recovery was significantly greater in the B trial than in the C trial at 2.5-3 min after the cuff deflation. The MAP in the A, B, and C trials during circulatory arrest was significantly greater than baseline. ∆MAP was significantly greater in the B trial than in the A and C trials during the cuff occlusion from 1.5 to 3 min after the cessation of exercise between the B and C trials, and from 0.5 to 3 min after the cessation of exercise between A and B trials (p < 0.05). ∆MAP during the cuff occlusion was not significantly different between the A and C trials. The MAP decreased to the baseline level rapidly after cuff deflation. ∆MAP was significantly greater in the B trial than in the A and C trial at 1-1. at 2-2.5 min, and in the C trial at 2.5-3 min after cuff deflation.
∆HR, ∆V . E, and ∆V . O 2 were not significantly different between the B and C trials during postexercise circulatory arrest and recovery. These responses gradually decreased to the baseline during postexercise circulatory arrest, increased immediately after cuff deflation, and recovered to the baseline.
RR in both B and C trials were not significantly different from the baseline during postexercise circulatory arrest and recovery.
DISCUSSION
In the comparisons of A vs. C and B vs. C, the MAP was greater in the sustained contraction than in the repetitive one. This finding indicates that a sustained contraction evokes greater pressor response than a repetitive one does under the equivalent TTI when the same large muscle group is recruited as active muscles. The present study is inconsistent with recent studies that have reported a similar or greater pressor response in the repetitive contraction compared to the sustained one recruiting the same small muscles under the equivalent TTI [9, 10] . On the other hand, it supports the studies that have indicated that static contraction evokes greater pressor response than the dynamic one does [2, 4, 5, 14] . These studies, however, did not control the recruited muscles between static and dynamic exercises. The present study demonstrated that static muscle contraction evokes greater pressor response than dynamic muscle contraction does under the equivalent TTI with the recruitment of the same large muscle group.
Several studies have shown that static exercise evokes greater cardiovascular responses than dynamic exercise does under the equivalent V . O 2 , which is to normalize workloads between both exercises [2, 3] . In the present study, the MAP was greater in the sustained contraction than in the repetitive one, but the V . O 2 was less. This finding demonstrates that a sustained contraction evokes greater pressor response than a repetitive one does not only under the equivalent TTI, but also under the equivalent V . O 2 , supporting the previous studies [2, 3] .
The Valsalva maneuver often occurs during static exercise. MacDougall et al. [15] indicated that during exercise it leads greater pressor response with the increase in intrathoracic pressure. In the present study, the effect of the Valsalva maneuver on pressor response could be ruled out. The RR in the sustained and repetitive contractions did not decrease from the baseline. This indicates that the subjects did not perform the Valsalva maneuver during exercise.
Static exercise often includes the Valsalva maneuver but not muscle relaxation, and it has a contraction velocity of zero, being different from dynamic exercise. These can be candidates evoking greater response during static exercise than during dynamic exercise. In the present study, the effects of muscle contraction velocity and the Valsalva maneuver on pressor response could be ruled out because we used isometric knee extensions without performing the Valsalva maneuver. Our previous study indicated that muscle contraction velocity does not affect the magnitude of pressor response to exercise under the equivalent V . O 2 [16] . We therefore considered that the absence of muscle relaxation is crucial to evoke greater pressor response during static exercise than during dynamic exercise recruiting a large muscle group.
The pressor response greater in the sustained contraction than in the repetitive one must be partly due to the greater neural reflex from metabolite-sensitive receptors in active muscles. Two neural mechanisms have been proposed to evoke the increase in sympathetic nerve activity (SNA) and cardiovascular responses during exercise, which are the reflex originating from contracting muscles by mechanical and chemical stimuli (i.e., exercise pressor reflex [mechano-and metabo-reflexes]) [17] and the feedforward neural drive in the central nervous system associated with the motor drive (i.e., central command) [18] [19] [20] . The BF in the sustained contraction was obstructed certainly because of the continuous mechanical hindrance by muscle contraction. It was indicated that the static knee extension at 15% MVC, which is under the intensity used in the present study, can obstruct the blood flow to active muscles [21] . The less blood flow to the active limb in the sustained muscle contraction could accumulate more metabolites in the active muscles, consequently activating greater metaboreflex. Thus the greater activation of metaboreflex in the sustained contraction must result in the greater SNA and pressor response. This is supported by the pressor responses during postexercise ischemia, which is used to estimate the effect of metaboreflex activation [10] . The pressor response during postexercise ischemia was significantly greater after the sustained contraction of the B trial than after the repetitive one of the C trial. Moreover, it was not significantly different after the A trial than after the C trial, although the TTI performed during exercise in the A trial was about half what it was in the C trial. These suggest that metabolites in the active muscles stimulated the metaboreceptors more intensively in the sustained contraction.
It is difficult to accurately estimate the effect of mechanoreflex on the pressor response in the present study. The previous studies, however, mentioned the greater effect of mechanoreflex on the greater pressor responses to repetitive contraction than to sustained contraction under the equivalent TTI with the same exercising duration and higher muscle peak tension in the repetitive contraction [9, 10] . They suggested that the higher muscle peak tension in the repetitive contraction than in the sustained one activated greater mechanoreflex, which could result in the greater presssor responses [9, 10] . This can imply that a greater activation of mechanoreflex occurred in the C trial than in the A trial in the present study. However, the pressor response was not greater; it was less in the repetitive contraction than in the sustained one. The effect on the pressor response of the greater mechanoreflex in the C trial should not have overcome that of the greater metaboreflex in the A trial in the present study, though it is unclear whether mechanoreflex was activated more intensively in the repetitive contraction.
Central command should have little effects on the different pressor responses between both contractions. Victor et al. [18] [19] [20] reported that central command does not cause the increase in muscle SNA at light and mild exercise intensity, such as below 50% MVC, but it does cause it at heavy intensity, such as 75% MVC in static and intermittent muscle contractions in humans. We used 20% and 40% MVC as exercise intensity. It is quite likely that the effect of central command on SNA in the sustained and repetitive contraction was slight. The different pressor responses between both contractions should not be related to the activation of central command in the present study. This is supported from the result of HR responses because the increase in HR reflects relative perceived exertion (RPE) [22] . In both comparisons, A vs. C and B vs. C, the increases in HR were not significantly different. This also suggests that the effects of central command on SNA and pressor responses were not different between both contractions.
It is very likely that a muscle pump in the repetitive contraction contributed to less increase in SNA, which also resulted in the lesser pressor response. Saito et al. [23] reported that light-intensity cycling suppresses the muscle SNA because of the great activation of cardiopulmonary and arterial baroreflexes caused by the perfusion increases from active muscles, which are produced by a muscle pump. The muscle pump must have occurred in the repetitive contractions in the present study because it is produced by a repetition of muscle contractions and relaxations. This suggests that the muscle pump in the repetitive contraction inhibited pressor response because of the suppressed SNA by the great activation of cardiopulmonary and arterial baroreflexes, being different from the sustained contraction.
The difference in the TPR between sustained and repetitive contraction must be another factor that resulted in different pressor response. Considered from greater V . O 2 in the repetitive contraction and coupled with Fick's equation that cardiac output is pro-portional to V . O 2 , the TPR should be lower in the repetitive contraction than in the sustained one. Furthermore, the peripheral resistance in exercising the limb significantly decreased from the baseline in the repetitive contraction (143.8 ± 18.2 at baseline to 85.1 ± 6.4 mmHg·min·l -1 during exercise), but it increased in the sustained one. The decrease in peripheral resistance in the exercising limb in the repetitive contraction could have contributed to decrease the TPR. Moreover, it has been reported that the TPR decreases during dynamic exercise that recruits large muscles because of the increase in perfusion pressure produced by the muscle pump [24] . This suggests that the TPR decreased more by muscle pump in the present study than in the sustained one. On the other hand, it was indicated that static exercise does not change the TPR from the baseline [10, 25, 26] . It is natural that the TPR decreased from the baseline in the repetitive contraction, but it did not change in the sustained one. Consequently the different TPR brought on less pressor response in the repetitive contraction than in the sustained one.
Stebbins et al. [10] showed that the pressor response in the repetitive one-arm handgrip exercise was similar or greater compared to that in the sustained one under the equivalent TTI when the active muscle group was controlled. Their finding is not consistent with the present study, but it is consistent with their previous observation in anesthetized cats [9] . This discrepancy must be due to the recruitment of different limbs. The thigh muscle group was recruited as active muscles in the present study, whereas the forearm muscle group was recruited in the recent Stebbins study [10] . The different active muscle mass between the recent and present studies must have induced the different changes in the TPR in the repetitive contraction. It has been indicated that the TPR decreases from the baseline more with the increase in active muscle mass during dynamic exercise [6, 7] , but it does not change from the baseline during static exercise irrespective of active muscle mass [10, 25, 26] . In fact, Stebbins et al. [10] showed that the repetitive handgrip contraction caused no change in the TPR from the baseline, which was at a level similar to that in the sustained one in the recent study. On the other hand, as mentioned above, the TPR should be lower in the repetitive contraction than in the sustained one in the present study. Taken together, we considered that the TPR in the repetitive contraction decreased from the baseline more in the present study than in the recent study, which resulted in the different findings between the recent and present studies.
Moreover, it is suggested that the differences of active muscle mass evoked the different activation of metaboreflex in the sustained contraction between both studies. A previous study reported that large active muscles in static contraction activate metaboreflex more and induce greater SNA than small muscles under the equivalent % MVC partly because of more produced metabolites within the skeletal muscles [8] . In the present study, the sustained contraction should have activated metaboreflex more and induced greater pressor response than the repetitive one. In the recent study, however, it was suggested that the sustained contraction did not activate metaboreflex more than the repetitive one did [10] . The differentially activated metaboreflex in the sustained contraction between the recent and present studies should have resulted in the different findings.
Furthermore, the difference of used exercise intensities should have led the different findings between the recent and present studies. Stebbins et al. [10] used 60% MVC handgrip exercise, which must be enough to increase SNA via the activation of central command [18] [19] [20] . They measured RPE to estimate the central command and indicated that the RPE was significantly greater at 60% MVC exercise with repetitive contraction than at 30% MVC exercise with sustained and repetitive contractions. In the present study, however, the different activation of central command between both contractions should not occur as mentioned above. The different effects of central command on the SNA that resulted from different exercise intensities between the recent and present studies should have also resulted in the different findings.
The repetitive muscle contraction evoked greater VO 2 response than the sustained one did. Previous studies demonstrated a dependency of oxygen uptake in active muscles on the supply of O 2 during exercise in humans [27, 28] . It seemed that the less VO 2 response in the sustained contraction was partly because of the less O 2 supply (blood flow) to the active muscles. Moreover, Hogan et al. [29] indicated by using canine gastrocnemius muscle that the more frequently the muscle contracts, the greater muscle V .
is required, and they suggested that the frequency of muscle contraction can strongly influence the total energy requirement of active muscles. In the present study, the repetitive contraction resulted in greater VO 2 than the sustained one did, but during postexercise, V . O 2 was at the same level between both contractions. This implies that O 2 was required more for a repetitive contraction than for a sustained one; this is supported by Hogan et al. [29] . Thus it is possible that the less O 2 demand in active muscles in the sustained contraction inhibited the increase in V . O 2 more than in the repetitive one.
Respiration is controlled by neural mechanisms as well as the cardiovascular system (Kaufman and Forster, 1996) . In the present study, although metaboreflex must be emphasized more in the sustained contraction as mentioned above, V . E was less (A vs. C) or similar (B vs. C) in the sustained contraction compared to the repetitive one, showing the different pattern to the pressor response. This should be a natural result because VE is correlated with V . O 2, independent of exercising mode [30] . Moreover, it is possible that ventilation was not affected very much by metaboreflex as the cardiovascular system was [31] .
In summary, to compare the pressor responses between sustained and repetitive knee extensions, we measured the blood flow to active muscles and cardiorespiratory responses in three types of knee extensions: (A) 2-min sustained muscle contraction at 20% MVC; (B) 2-min sustained muscle contraction at 40% MVC; (C) 4-min repetitive contraction at 40% MVC. MAP was greater and BF and V . O 2 were less in the sustained contraction than in the repetitive one under the equivalent TTI. It was demonstrated that the pressor response is greater in the sustained muscle contraction than in the repetitive one not only under the equivalent TTI but also under the equivalent V . O 2 if a large muscle group is recruited. This finding should be mainly due to the less accumulation of metabolites in active muscles in the repetitive contraction than in the sustained one. Moreover, the less TPR in the repetitive contraction should have resulted in the less pressor response.
